Abstract-Fatigue detection through electromyography analysis has been in use since 1912 when it was discovered by H.Piper. Until now, there has been much research on muscle fatigue through electromyography, both invasively and noninvasively. There are evolutions of the electromyography based approach to detect fatigue in various aspects including methodology, analysis, application and the evaluation of fatigue itself. This paper intends to provide a brief review of previous research as this will help beginning researcher to find further direction in this research area.
I. INTRODUCTION
Fatigue is very common in our daily life and everyone experiences it. Fatigue can be referred to as either mental fatigue, which is not produced by exercise, or fatigue after an exhaustive exercise [1] . Generally, fatigue or muscle fatigue after exhaustive exercise is a condition that occurs due to various factors and it involves central and peripheral mechanisms [1] , [2] . Fatigue may be defined as a performance decrement, or a reduction of organism forces, or a progressive loss of ability or a failure to generate or maintain maximum forces during or following excessive work, or too long a duration of work, or sustained muscle use [1] - [7] . Gonzalez in [8] has described muscle fatigue as a feeling or sensation of weakness or muscle pain. Undetected muscle fatigue and inadequate recovery will cause injury and possible damage to the body structure [9] - [11] .There are several common biological and physical behaviours that can refer to fatigue such as a reduction of contractile force, hypoventilation, cramps and lack of energy [10] . Quantitatively, fatigue during or after physical activities and sports can be measured through blood tests, muscle biopsies, rating of perceived exertion (RPE), monitoring distress and response questionnaire and heart rate [9] , [10] , [12] .
At the moment, invasive technique like blood tests and muscle biopsies offer a high intensity fatigue marker. For example; from samples of blood tests, results may indicate lactate concentration, pH and blood oxygen which are used as indicators of fatigue [9] , [12] . Although the blood test is considered as reliable fatigue indicator, it is invasive, ands need to be analysed in a laboratory environment [9] . Furthermore, taking blood for fatigue testing too frequent may provide discomfort and be painful to the subject.
The electromyography (EMG) signal is one of the most important studies of muscle function used in clinical and engineering applications [13] . The EMG signal was first discovered in 1912 and may be used to evaluate fatigue by changes in its frequency [14] . Recently, research studies on fatigue have become wider to incorporate various applications including kinesiology, rehabilitation, occupational and sports medicine and ergonomics, whether for static and dynamic muscle contraction [15] - [18] . From only detecting fatigue itself, research has been extended to evaluate fatigue in several perspectives, which include non-fatigue, transition-tofatigue, and fatigue itself. The research on muscle fatigue using the surface EMG technique also broadens to the onset of fatigue or predicting fatigue [6, 9, and 19] . From a single experiment or measurement of fatigue as in [9, 10, and 20] , the experiment and method have also been improved by lengthening the duration or by repetition of the experiment for several days as in real life fatigue [8] , [21] - [24] . Other than this, the method of analysis has also evolved. The classical technique before this was to focus the analysis on one side views, on the time domain or frequency domain only, but now researchers look for time-frequency analysis for better accuracy.
This paper compiles several previous works on muscle fatigue detection through the surface EMG method, highlighting the analysis, the evaluation, the application and future direction of fatigue studies. This paper might be helpful to the beginning researcher to find research gaps or as a brief review on EMG analysis and muscle fatigue itself.
II. MUSCLE FATIGUE Muscular contraction is the consequence of a chain process from the brain to the formation of an actin-myosin bridge that generates force [1] . Any failures in any point of the chain can result in fatigue [1] . Overall, there are two mechanisms of muscle fatigue; central and peripheral. Central fatigue is closely related to the central nervous system (CNS) [2] . It can be defined as a reduction in maximal voluntary contraction, which is not associated with the same reduction of maximum force obtained by stimulation [1] .
It is involved with alterations of the CNS, which may result in abnormalities to muscle recruitment, central neural drive to the muscles, discharge rate, coordination of motor unit firing, muscle atrophy, mood and sensation of effort, and tolerating pain and discomfort [1, 2, 8, 25] . The changes or alterations, such as decreases of discharge rate can be concluded as a protective mechanism to prevent organ failure if the work or activity was continued at the same intensity [8] . However, previous research indicates that these neurotransmitter changes will change behaviour comparable to decreased physical performance [1] .
Peripheral fatigue refers to alterations in neuromuscular transmission and muscle action potential propagation [1 and 8] . Peripheral fatigue is related to the composition of muscle fibre types where it will differentiate muscle group fatigue based on rate, size, number and individual motor unit. Therefore, different muscles will respond with a different fatigue level depending on the types of muscle fibre accessed. Peripheral fatigue is also related to a perturbation or impairment of calcium ion movements, an accumulation of phosphate, a decrease of adenosine triphosphate stores and depletion of muscle glycogen [8 and 25] . Thus, the biological activities during muscle contraction under the muscular membrane and inside the cell will change the electrical potential measured e.g. amplitude and frequency. For example, biopotential can change from -80 mV to -40 mV in 10s when stimulated at 70 Hz due to increasing the potential flux with partial depolarisation of the muscular membrane [1] .
The EMG in access muscle behaviour is not only applicable to dynamic movement, but is also applicable to static action. This is supported based on two main facts in [16] , where ionic diffusion within the muscle may generate an electrical signal and consequent mechanical response during muscle force contraction.
III. EMG ANALYSIS ON MUSCLE FATIGUE
Every behaviour change in the EMG signals is close related to the physiological conditions of the muscles themself. The changes may appear and be detected either in time or frequency representation. Basically, there are three types of analysis used; time domain, frequency domain and timefrequency domain analysis. Table I show examples of previous research studies on muscle fatigue, including the method of analysis and experimental design.
A. Time Domain Analysis
According to [8] , physiologically the amplitude of EMG signals is influenced by the number of active/recruit motor units, their discharge/firing rates, and the shape and propagation velocity of the intracellular action potentials. The amplitude of EMG signals may increase as an indicator of fatigue during submaximal isometric and dynamic exercise and decrease during exercises at maximal voluntary contraction (MVC) [8] , [22] , [26] , [27] . According to [28] , the amplitude of EMG itself can be manipulated into twenty six parameters in order to extract useful information from the muscle behaviour. This includes amplitude EMG (aEMG) [26] , Root Mean Square EMG (RMS EMG) [29] , Integral EMG (IEMG) [7, 10, 30] , average rectified value (ARV) [12 and 31] and mean absolute value (MAV) [32] .
However, due to non-stationary behaviour especially in dynamic contractions, the amplitude and spectral features of the EMG signals may vary with respect to time [32] . Therefore, to overcome these issues, multiple time windows (MTW), is used where the changes in signal energy are calculated with respect to time by using different windows functions such as rectangular, Hamming, trapezoidal and Slepian [29, 32] .
B. Frequency-based Analysis
Physiologically, the change of EMG frequency is following by changes in muscle fibre conduction velocities, subsequent changes in the duration of the motor unit action potential waveform, the size of muscle fibre and the fluctuation of muscle force [8 and 33] . There are eleven parameters which can be manipulated from the frequency of EMG during data analysis [28] . The most classical and dominant methods used are Fast Fourier Transform (FFT), Power Spectral Density (PSD) and parametric (autoregressive). These methods are the simplest and easiest to interpret, which from the spectrum Mean Power Frequency (MPF) can be determined to evaluate the fatigue stage [27 and 33] . Previous researchers [8, 10, 12, 26, 34, and 35] have used MPF in their investigation. The MPF parameter does not just solve the static contraction, but it also able to detect fatigue during dynamic contraction as in [35] .
The validity of the amplitude and frequency shift to assess fatigue, especially in dynamic movement, has been questioned in [36] since there are no relationships between them. However, intensive investigation into dynamic conditions in the time and frequency domain recently has shown that the analysis can be relied on and gives better accuracy as shown in Table I . For example, this can be seen in the method offered by [37] in 2006, which introduces the spectral index or indices method. Through this method, fatigue mapping can be achieved with higher sensitivity for isometric and dynamic contractions. Recently, fatigue mapping through this method has become popular as a good indicator to fatigue, and has been used in many research studies such as in [8, 21, 24, 38] .
C. Time-Frequency Analysis
Time-frequency analysis is not new in solving nonstationary signals especially EMG signals from movements, exercise and dynamic contractions (physical activities, sports training, rehabilitation, ergonomics). There are several types of time-frequency based method used to evaluate muscle fatigue, for example; General time-frequency representation (Cohen Class), Short time-Fourier Transform (STFT), Wigner Ville Distribution (WD), Choi-William Distribution, wavelet analysis and Hilbert Huang transform [39] . A spectrogram representation resulting from STFT, WD and wavelet means that time and frequency parameters can be accessed in parallel. However, some of the analyses have poor resolution in time or frequency presentationTo date, wavelet analysis is one of the tools which is very reliable in non-stationary biological signals analysis [39] . The analysis offers good time resolution at high frequencies and good frequency resolution at low frequencies. Due to this benefit, [22] has adapted the [37] indices technique into a wavelet transform based approach. , unfortunately systematic research on it only began around the 1950s due to imperfect instrumentation. The evolution in the electronics industry and the digital field quite contributed greatly in the measurement, recording and processing of the myoelectric signals [39] . Since then, many research studies regarding EMG and fatigue have been performed. The data is analysed using the time domain or the frequency domain as mentioned in the previous section. However, as EMG is about muscle activity it needs movement so that it may relate to real life. Research under dynamic movement is still lacking, and in the mid-1990s, [40] proposed time-frequency analysis to investigate it. Even so, time domain or frequency domain analysis only are still significant to evaluate fatigue for dynamic movement as shown in [41] and have been used until now.
Usually, most of the experimental methods focus on localised fatigue, where fatigue is induced in a muscle by a specific movement. For example, fatigue is induced in the biceps brachii muscle by weight lifting experiment. However, lately, fatigue has also been investigated on working muscles during daily life, sports and physical activities. For instance, the vastus lateralis, vastus medialis and rectus femoris EMG signals are measured and analysed during cycling, walking and running activities [42, 9 and 43] . Investigations have also broaden to real life scenarios as muscle fatigue has also been evaluated in elderly people [44 and 45] , athletes [10 and 16] , musculoskeletal disorders [46] and for ergonomic purposes [47] .
Other than experimental design, the duration of experiments has also changed to match real life scenarios. Earlier studies have shown that the duration of experiments is usually about several seconds or minutes to examine fatigue. Recently, experiments haves been lengthened and may take several days, weeks or even months to ensure that the expected results are significant in order to enhance quality of life, such as in [38] . 
The evaluation of fatigue is now not just focused on fatigue itself, but has broadened such that researchers tend to classify the EMG signals as non-fatigue, transition / onset of fatigue and the fatigue condition itself. To date, fatigue mapping through spectral indices which consider dynamic contraction, non-stationary signals and time-frequency representation is the latest approach used by researchers to identify the level of fatigue. However, other methods are still reliable and significant for use during analysis.
Other than focusing on muscle behaviour, other indicators for fatigue, especially physiological changes, are also a part of the research during an EMG fatigue investigation. [38] , in their research, have found cross correlation between muscle fatigue and metabolic response (blood lactate, uric acid and ammonia concentration). Another research study in 2009, [48] , investigated the relationship between blood potassium, blood lactate, and EMG signals related to fatigue in a progressive cycling exercise test.
V. FUTURE DIRECTION OF ELECTROMYOGRAPHY IN
EVALUATE MUSCLE FATIGUE The future direction of EMG and muscle fatigue is closely related to application and the analysis technique. Fatigue must be monitored as untreated muscle fatigue may lead to injuries. Since fatigue is directly related to biological changes, more research needs to be performed on the muscle with the existence of other indicators such as heart rate, muscle glycogen, oxygen consumption, lactate etc. Other than this, in sport training applications, psychology plays an important role and thus should be monitored as it may also affect an athlete's performance. Research needs to be carried out on both emotional and psychological changes may affect muscle behaviour.
To date, data analysis and information on muscle behaviour after activities or the recovery period is still lacking. Further research on mapping fatigue during the regeneration session is highly desired as this may estimate and recommend the duration of the required recovery period.
Although fatigue after activities may expose people to danger, it is also essential to improve personal performance. However, there is no information on the threshold of fatigue at which it is suggested that a person needs to have regeneration process before the situation gets worse and to avoid injury. Though physiological measures can detect fatigue accurately, variable changes of body response are the biggest problem in defining wether someone is fatigued. Therefore, future research needs to prove the reliability of EMG as a new technical measure which provide information on fatigue, including a threshold which may limit the activity of a person before they become injured.
VI. PRELIMINARY STUDY Since information about fatigue after activities is lacking, a preliminary study on EMG monitoring after single physical activities has been performed. Three samples have been monitored, where the subject needs to run on a treadmill for ten minutes for a distance of 1 kilometre. EMG signals are recorded before and after the exercise. Five EMG signals are recorded after activities within 30-45minutes intervals each. Other than EMG, physiological indicators for fatigue; e.g heart rate (HR), are also monitored. Four muscles are recorded according to the most active muscle during the running: vastus lateralis (VL), vastus medialis( VM), rectus femoris (RF) and medial hamstring (MH).The physical activities involve about 70% of the maximum heart rate for a subject at age 30years old.
Basic time domain analysis for fatigue detection is chosen; MAV of the EMG signals is calculated by using the following formula;
(1) Fig.1 . MAV of EMG before and after activities Fig.2 . Heart rate before and after activities Figures 1 and 2 show plots of MAV of EMG and HR before and after single physical activities. Plot number 1 refers to the records before activity and plots 2-6 refer to the data after the activity. MAV shows that the amplitude of EMG is higher when it is recorded just after the exercise. This is aligned with the theory whereby the amplitude is slightly increased as an indicator to fatigue. Figure 1 also shows that the trend is decreasing and back to normal measurement (before activities) after three hours.
Physiologically, an increasing heart rate or rapid heart rate refers to fatigue since it is closely related to the oxygen and blood flow to the muscle and other organs. Monitoring heart rate during and after physical training is the easiest way to assess recovery. Figure 2 shows a similar trend to Figure 1 , where the subject is fully recovered physiologically after three hours.
VII.
DISCUSSION AND CONCLUSION There are many research studies on EMG biopotential signals and fatigue. This research is very important as it may enhance quality of life; appropriate management of fatigue may prevent possible injury, overtraining, damage of body structure etc. However, each measurement is still dependent on the location of the electrode. Misplacement or incorrect distance between electrode and the muscle will affect the quality of the EMG signals and significance of the results.
EMG and muscle fatigue research should be directed towards daily life scenarios in order to be proven as a reliable new marker to fatigue. Although several devices for EMG as fatigue monitoring have been patented, these are not well commercialised and are application specific. This research area not only contributes to the biomedical field, but it also may help to improve life quality, and the economy since money can be saved from health treatment.
Investigating EMG signals under fatigue conditions in parallel with physiological indicator will give benefits as EMG can be used as a new, reliable and commercial quantitative sign of fatigue. The preliminary study shows that both parameters give a similar trend during recovery. This indicates that EMG has great potential to determine the recovery process. However, much further work needs to be done especially in adding more features to the EMG analysis.
As conclusion, the investigation of fatigue through EMG is still new and needs much exploration, although the technique has been in use since 1912. There are still many gaps to be filled not only to prove the theory, but for quality of life. The evolution of analysis, methodology and experiment will assist people to manage fatigue accordingly. Therefore, the future researcher must be aware that every single research study must be directed towards the needs of people, not just theoretical concepts.
